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ABSTRACT 
P r e l  i m i  nary est imates of r a d i a t i o n  exposures f o r  manned i n t e r p l a n e t a r y  
miss ions r e s u l t i n g  from anomalously l a r g e  s o l a r  f l a r e  events are presented. 
The c a l  c u l  a t i  ons use i ntegra l  p a r t i c l e  f l  uences f o r  t h e  February 1956, 
November 1960, and August 1972 events as i n p u t s  i n t o  the  Langley Research 
Center nucleon t r a n s p o r t  code BRYNTRN. 
pr imary and secondary nucleons (protons and neutrons) through any number o f  
1 ayers o f  t a r g e t  mater ia l  o f  a r b i t r a r y  th ickness and composition. 
C o n t r i b u t i o n s  from t a r g e t  nucleus fragmentat ion and r e c o i l  are a l s o  
included. Estimates o f  5-cm depth doses and dose equiva lents  i n  t i s s u e  are 
presented behind var ious thicknesses o f  aluminum, water, and composite 
aluminum/water sh ie lds  f o r  each o f  the th ree  s o l a r  f l a r e  events. 
Th is  d e t e r m i n i s t i c  code t r a n s p o r t s  
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INTRODUCTION 
As t ime progresses, there  i s  an ever- increas ing i n t e r e s t  i n  launching a 
manned miss ion  t o  the  p lane t  Mars. 
p lanners i s  exposure o f  the  crew t o  h i g h l y  pene t ra t i ng  and damaging space 
rad ia t i ons .  
and s o l a r  p a r t i c l e  events. 
cosmic rays were presented elsewhere ( r e f .  1 ) .  
r e p o r t  i s  t o  present p r e l  iminary est imates o f  r a d i a t i o n  exposures f rom 
anomalously la rge  s o l a r  f l a r e  events. For  coinputational purposes, t h ree  major 
events were chosen: February 1956, November 1960, and August 1972. The 1956 
event prov ided the most pene t ra t i ng  rad ia t i ons .  The 1972 event, the l a r g e s t  
ever recorded ( re f .  21,  cou ld  have been m i  s s i  on- th rea ten i  ng f o r  t h i n l y  
sh ie lded ( <  2 g/cm2) spacecraf t .  
A major concern t o  i n t e r p l a n e t a r y  miss ion  
The t w o  main sources o f  these r a d i a t i o n s  are g a l a c t i c  cosmic rays  
P re l im ina ry  est imates o f  exposure from g a l a c t i c  
The purpose o f  the  present  
I n  t h i s  repor t ,  p re l im ina ry  est imates o f  t o t a l  dose ( rad)  and t o t a l  dose 
equ iva len t  ( rem) exposures i n  t i s s u e  (5-cm depth) behind var ious th icknesses 
o f  aluminum, water, and composite (aluminum and water)  s h i e l d i n g  are  presented 
f o r  each s o l a r  f l a r e  event. 
( r e f .  2 )  d isp layed i n  f i g u r e  1 as i npu ts  i n t o  the t r a n s p o r t  code. 
The c a l c u l a t i o n s  use the  i n t e g r a l  p ro ton  spect ra 
CALCULATIONAL METHODS 
The i n c i d e n t  s o l a r  f l a r e  spectrum fo r  each o f  the  th ree  f l a r e  events i s  
propagated through the t a r g e t  ma te r ia l  u s i  ng t h e  Langley Research Center 
d e t e r m i n i s t i c  nucleon t r a n s p o r t  code, BRYNTRN, descr ibed i n  re ference 3 .  
These t r a n s p o r t  ca l  cu l  a t i  ons i nc l  ude 
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a. ICRP-26 q u a l i t y  f a c t o r s  ( r e f .  4 ) .  
b.  Dose c o n t r i b u t i o n s  from propagat ing neutrons and protons. 
c. Dose c o n t r i b u t i o n s  r e s u l t i n g  from t a r g e t  nuc lear  fragments 
produced by propagat ing neutrons and protons. 
d. Dose c o n t r i b u t i o n s  due t o  nuc lear  r e c o i l .  
Major shortcorni ngs o f  the  c a l c u l a t i o n s  a re  
a. A q u a l i t y  f a c t o r  o f  20 i s  assigned t o  a l l  
b. A q u a l i t y  f a c t o r  o f  20 i s  assigned t o  a l l  
events. 
Ca lcu la t i ons  were f o r  simple s lab  geometr c. 
t a r g e t  fragments. 
t a r g e t  nucl  eus r e c o i  1 
es (equ iva len t  t o  i s o t r o p  
inc idence on spher ica l  she l l s ) .  Th is  i s  conservat ive.  A more 
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c a r e f u l  t reatment  o f  geometry e f f e c t s  ( r e f .  2 )  w i l l  l i k e l y  r e s u l t  i n  
smal ler  dose estimates. 
d. Ca lcu la t ions  are representa t ive  o f  b lood-forming organ doses ( 5-cm 
depth) on ly .  Estimates for  dose t o  the s k i n  and eyes are a l s o  
impor tan t  and may be l i m i t i n g  ( r e f .  21, b u t  are n o t  presented here. 
RESULTS 
F igures  2 and 3 d i sp lay  dose equ iva len t  ( i n  rem), as a f u n c t i o n  o f  water  
o r  aluminum s h i e l d  th ickness ( i n  u n i t s  o f  areal  densi ty ,  g/crn2), f o r  each o f  
t h e  th ree  s o l a r  f l a r e  events. C lear ly ,  the  February 1956 event was the  most 
penet ra t ing .  Un l i ke  the August 1972 event, however, i t  would n o t  be miss ion-  
o r  l i f e - t h r e a t e n i n g  f o r  very t h i n l y  sh ie lded spacecraf t .  For  the  August 1972 
event, a t h i n l y  sh ie lded spacecraf t  ( <  5 g/cm2) would no t  p rov ide  adequate 
s h i e l d i n g  as the est imated dose equiva lents  o f  100-330 rem may incapac i ta te  
the crew as a r e s u l t  o f  r a d i a t i o n  sickness, and cou ld  poss ib l y  be l e t h a l  
4 
( r e f .  5 ) .  
l i m i t  of 50 rem, approximately 10 g/cm2 of water shielding or  13 g/cm2 of 
aluminum s h i e l d i n g  is required. The A u g u s t  1972 f l a r e  i s  the l i m i t i n g  event 
f o r  t h i s  case. To reduce the estimated exposures below the astronaut  30-day 
l i m i t  o f  25 rem, a shield thickness of 20 g/cm2 of water or  28 g/cm2 of 
aluminuin is  required. 
s o l a r  f l a r e .  
requirements for ga lac t ic  cosmic rays ( f igure 1 of reference 1) suggests t h a t  
providing the 13 g/cin2 of aluminum necessary t o  shield against  ga lac t ic  cosmic 
rays a t  s o l a r  minimum should a l so  provide adequate s h i e l d i n g  against  l a rge  
s o l a r  f l a r e s .  Tables 1 through IV l i s t  values of dose ( r a d )  and dose 
equivalent (rem) from each f l a r e  as a function of sh ie ld  thickness and 
p a r t i c l e  type. The column label led protons includes contr ibut ions from the 
incident f l a r e  protons and secondary protons produced by the breakup of t a r g e t  
nuclei .  The column label led HZE incorporates t a r g e t  nucleus fragmentation and 
nuclear recoil  contributions.  Clearly a s i g n i f i c a n t  f rac t ion  of the rad ia t ion  
dose equivalent comes from t a r g e t  nucleus contributions.  
To reduce the estimated dose equivalents below the astronaut  annual 
The l i m i t i n g  event f o r  this case is the February 1956 
Compari ng these resul t s  w i t h  the estimated shiel  di  ng 
Final ly ,  we note t h a t  f o r  a l l  shield thicknesses,  doses and dose 
equivalents are lower behind water shields than behind equivalent thicknesses 
o f  aluminum. T h i s  i s  the result of the increased energy l o s s  per c o l l i s i o n  
by the incident and secondary nucleons propagating through the lighter mass 
const i tuents  of water. 
a s  polyethylene, or other polymers, may be more e f f e c t i v e  f o r  sh i e ld ing  
appl i c a t i  ons than conventional a1 umi num. 
u s i n g  composite shields  consisting of aluminum ( f o r  s t ruc tura l  i n t eg r i ty )  and 
water ( f o r  shielding e f f ic iency) ,  we calculated doses and dose equivalents f o r  
each f l a r e  i m p i n g i n g  upon shields  consis t ing of aluminum and water layers  of 
These f i n d i n g s  suggest t h a t  low-density mater ia ls  such 
To i nvesti gate the possi b i  1 i ty  of 
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va ry ing  thicknesses. The r e s u l t s  are d isp layed i n  Table V.  Note t h a t  as the 
percentage th ickness o f  water i n  the s h i e l d  increases, the dose and dose 
equ iva len t  decrease. C lear ly ,  f u r t h e r  s tud ies  aimed a t  rep lac ing  aluminum 
w i t h  1 i g h t e r ,  b u t  s t r u c t u r a l l y  sound m a t e r i a l s  a re  warranted f o r  manned 
spacecra f t  app l i ca t ions .  
CONCLUDING REMARKS 
P r e l  i i n i  nary est imates o f  r a d i a t i o n  exposures r e s u l t i n g  from anomalously 
1 arge s o l a r  f l a r e  events a re  presented f o r  i n t e r p l a n e t a r y  m i  s s i  ons. 
dose equ iva len t  values f o r  each f l a r e  are presented as a f u n c t i o n  o f  s h i e l d  
th ickness f o r  aluminum, water, and composite aluminum/water sh ie lds.  A1 though 
the main c o n t r i b u t i o n s  a r i s e  from propagat ing protons, t a r g e t  nucleus 
fragmentat ion and r e c o i l  c o n t r i b u t e  s i g n i f i c a n t l y  t o  the  dose equ iva len t  
because o f  the l a r g e  q u a l i t y  f a c t o r  assoc iated w i t h  them. 
c a l c u l a t i o n s  presented i n  t h i s  work, water appears t o  be a much more des i rab le  
s h i e l  d ing  ma te r ia l  than a1 umi num. These r e s u l t s  suggest t h a t  a composite 
s h i e l d  c o n s i s t i n g  o f  the minimum amount o f  aluminum necessary f o r  s t r u c t u r a l  
i n t e g r i t y  i s  the con f igu ra t i on  o f  choice. 
po lye thy lene o r  o ther  candidate organic composites a re  suggested. 
Dose and 
For the  
Fu r the r  s tud ies  i n v o l v i n g  
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Table I - Uepth-Dose Equivalent  (rem) i n  Tissue (5-cm depth) as a Function o f  
Water Sh ie ld  Thickness for Three Anomalously Large Solar F l a r e  Events 
Thick ess Protons H ZE Tota l  Dose Equi Val e n t  (g/cm 9 1 
February 1956 Event 
1 43.2 10.6 
2 37.9 10.1 
5 29.3 9.2 38.5 
10 23.2 8.3 31.5 
15 20 .o 7.6 27.6 
20 17.7 7.1 24.8 
25 16 .O 6.6 22.6 
30 14.5 6.2 20.7 
40 12.1 5.3 17.4 
50 9.9 4.6 14.5 
75 7 .o 2.5 10.5 
100 4.3 2.3 6.6 
November 1960 Event 
1 82.9 11.1 94 .o 
2 
5 
10 
15 
20 
25 
30 
40 
50 
75 
100 
71.8 
51.3 
33.9 
24.2 
17.9 
13.6 
10.5 
6.6 
4 .o 
1.8 
0.5 
10.2 
8.1 
5.9 
4.5 
3.5 
2.8 
2.3 
1.6 
1.2 
0.6 
0.3 
82 .O 
59.4 
39.8 
28.7 
21.4 
15.4 
12.8 
8.2 
5.2 
2.4 
0.8 
August 1972 Event 
1 28f .8 23.1 310.9 
2 
5 
10 
15 
20 
25 
30 
40 
50 
75 
100 
222.5 
113.8 
45.5 
2 1  .0 
10.6 
5.7 
3.2 
1.1 
0.4 
0.1 
0.03 
18.7 
10.8 
5.2 
2.9 
1.8 
1.1 
0.8 
0.5 
0.3 
0.1 
0.05 
241.2 
124.6 
50.7 
23.9 
12.4 
6.8 
4 .O 
1.6 
0.7 
0.2 
0.08 
Note: 1 g/cm2 of water i s  equivalent t o  a 1 cm thickness o f  water. 
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Table I 1  - Depth-Dose ( rad)  i n  Tissue (5-cm depth) as a Funct ion o f  
Water Shield Thickness f o r  Three Anomalously Large Solar  F l a r e  Events 
Thickness Protons H ZE Tota l  Dose 
February 1956 Event 
1 43.1 0.5 43.6 
2 37.8 0.5 38.3 
5 29.3 0.5 29.8 
10 23.2 0.4 23.6 
15 19.9 0.4 20.3 
20 17.7 0.4 18.1 
25 15.9 0.3 16.2 
30 14.5 0.3 14.8 
40 12 .o 0.3 12.3 
50 9.9 0.2 10.1 
75 7 .o 0.2 7.2 
100 4.3 0.1 4.4 
November 1960 Event 
1 0.6 83.3 
2 E: 0.5 72.2 
5 51.2 0 .4 51.6 
10 33.8 0.3 34.1 
15 24.1 0.2 24.3 
20 17.9 0.2 18.1 
25 13.6 0.1 13.7 
30 10.5 0.1 10.6 
40 6.5 0.1 6.6 
50 4 .1 0.1 4.2 
75 1.8 0.04 1.8 
100 0.55 0.01 0.56 
August 1972 Event 
1 286.9 1.2 
5 113.5 0.5 114 .O 
10 45.4 0 -3 45.7 
15 2 1  .o 0.1 21.1 
20 10.6 0.1 10.7 
25 5.6 0.1 5.7 
30 3.2 0.04 3.2 
40 1.1 0.02 1.1 
50 0.41 0.02 0.43 
75 0.09 <o .01 0 -09 
2 221.9 0.9 228282:: 
100 0.03 <o .01 0.03 
Note: 1 g/cm2 o f  water i s  equivalent  t o  a 1 cm thickness o f  water. 
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Table I 1 1  - Depth-Dose Equivalent (rem) i n  Tissue (5-cm depth) 
as a Function of Aluminum Shie ld  Thickness f o r  Three 
Anomalously Large Solar  F1 a r e  Events 
Thick 9 ess Protons H ZE Total  Dose Equivalent  
(g/cm ) 
February 1956 Event 
- 
I 44 . I  10.8 54.5 
2 40.1 10.4 50.5 
5 31.9 9.7 41.6 
10 25.6 8.9 34.5 
20 20 .o 8 .O 28 .0 
50 12.7 6 .O 18.7 
November 1960 Event 
1 86 .O 11.5 91.5 
2 
5 
10 
20 
50 
76.5 
57.6 
40.3 
23.3 
6.9 
10.7 
8.9 
6.9 
4.6 
1.9 
87.2 
66.5 
47.2 
27.9 
8.8 
August 1972 Event 
1 306.5 24 .!I 331 .O 
2 249.9 20.8 270.7 
5 144.9 13.5 158.4 
10 67.6 7.5 75.1 
20 19.7 3.2 22.9 
50 1.4 0.7 2.1 
Note: 1 g / c d  of aluminum i s  equivalent  t o  a thickness o f  0.37 cm of 
a1 uini nuin. 
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Table I V  - Depth-Dose ( r a d )  i n  Tissue (5-cm depth) as a Function o f  
Aluminum Shield Thickness f o r  Three Anomalously 
Large Solar  F l a r e  Events 
Thi  ckoess Protons Total  Dose 
1 
2 
5 
10 
20 
50 
44.6 
40 .O 
31.8 
25.5 
20 .o 
12.7 
0.5 
0.5 
0.5 
0.4 
0.4 
0.3 
45.1 
40.5 
32.3 
25.9 
20.4 
13 .O 
February 1956 Event 
November 1960 Event 
1 85.8 0.6 86.4 
2 76.3 0.5 76.8 
5 57.5 0.4 57.9 
10 40.2 0.3 40.5 
20 23.3 0.2 23.5 
50 6.8 0.1 6.9 
August 1972 Event 
1 305 .!I 1.2 306 ./ 
2 249.2 1 .o 250.2 
5 144.5 0.7 145.2 
10 67.3 0.4 67.7 
20 19.6 0.2 19.8 
50 1.3 0.1 1.4 
Note: 1 g/cm2 o f  aluminuni i s  equ iva lent  t o  a thickness o f  0.37 cm o f  
a1 uini num. 
Table V - Dose ( rad)  and Dose Equiva lent  (rein) i n  Tissue (5-cm depth) 
as a Funct ion o f  Composite Aluminum/Water S h i e l d  Thickness f o r  
Three Anomalously Large Solar  F1 are  Events 
Thickness ( g/cm2 
T o t a l  Aluminum Water 
To ta l  Dose Tota l  Dose Equ iva len t  
(rad) (rem) 
Feb 56 Nov 60 Aug 72 Feb 56 Nov 60 
5 1 4 30 53 120 39 61 13 1 
2 3 31 54 125 40 62 137 
5 0 32 58 145 42 66 158 
10 1 9 24 35 47 32 40 53 
2 8 24 35 49 32 41 55 
5 5 25 37 55 33 43 61 
10 0 26 41 68 35 47 75 
15 1 14 20 25 22 28 29 25 
2 13 21 25 23 28 30 26 
5 10 21 26 25 29 31 28 
10 5 22 28 30 30 33 33 
20 5 15 19 19 12 26 23 14 
10 10 19 20 14 26 24 17 
20 0 20 24 20 28 28 23 
Note: 1 g/crn2 o f  aluminum (water)  i s  equ iva len t  t o  an aluminum (water)  
th ickness o f  0.37 cm (1 cm). 
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Figure 1. - Integral pa r t i c l e  fluence, as a function of energy, 
f o r  three anonialously large so la r  f l a r e  events. 
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Figure 2. - Dose equ iva len t  i n  t i s s u e  (5-cm depth),  as a func t i on  
o f  water s h i e l d  thickness, r e s u l t i n g  from th ree  anomalously 
l a r g e  s o l a r  f l a r e  events. 
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Figure 3 .  - Dose equ iva len t  i n  t i s s u e  (5-an depth), as a f u n c t i o n  of 
aluminum s h i e l d  thickness, r e s u l t i n g  f rom th ree  anomalously l a r g e  
so l  a r  f 1 are events. 
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